Background: The vasoactive-ventilation-renal (VVR) score includes pulmonary and renal dysfunctions not previously addressed by the vasoactive inotrope score (VIS) and may be a better predictor of cardiac care unit (CCU) length of stay (LOS) in patients undergoing re-entry sternotomy (defined as no earlier than 30 days after previous sternotomy) for congenital heart disease (CHD). Methods: Patients undergoing re-entry sternotomy for CHD from August 1, 2009 to June 30, 2016 were studied retrospectively. A total of 96 patients undergoing 133 re-entry procedures were identified. VVR scores were calculated on CCU admission post-procedure (at 0 hour), 24-hour, and 48-hour after admission to the CCU. The response variable was CCU LOS. Recursive partition analysis identified variables predicting LOS. Results: 133 re-entry sternotomies in 96 patients made up the samples of the database; 11 samples were removed due to incomplete data or placement on ECMO. Of the initial 25 features, 5 were removed for near zero variance and 3 categorical features were removed for non-information. Covariance analysis did not demonstrate any significant correlation amongst the remaining features. Initial recursive tree regression using ANOVA, cross validation and conditional predictive p-value (cp) = 0.01 produced 3 trees. The tree with lowest cross validation error was selected. The resulting 2 split trees with ventilator days less 
Introduction
A newer severity of injury score, the vasoactive-ventilation-renal (VVR) score [1] , addresses dysfunction of the pulmonary and renal systems not previously addressed by the vasoactive inotrope score (VIS) [2] . Calculation of the score is shown in Figure 1 . The stratification tool is highly predictive of outcome, is simple, and is straight forward to calculate. In the initial study of its application, 48-h VVR was a predictor of prolonged intubation, prolonged use of vasoactive infusions, chest tube drainage, and intensive care unit (ICU) and hospital length of stay (LOS) and outperformed VIS and peak postoperative lactate in a retrospective analysis of infants following congenital heart surgery [1] . Prospective validation by Miletic and colleagues in a heterogeneous population of pediatric patients undergoing cardiac surgery found the 48-h VVR score to be a predictor of outcomes and outperformed VIS [3] . Prolonged hospital LOS was predicted by the VVR at 12 hours in another prospective study by Scherer et al. of a heterogeneous population of patients undergoing congenital heart surgery [4] . Multicenter validation of the score in neonatal cardiac surgery is ongoing [5] .
Improved survival of patients with congenital heart disease (CHD) after initial cardiac surgery has resulted in an increase of re-entry sternotomies, a now common procedure that is not associated with increased operative mortality but is associated with an increased risk of postoperative morbidities [6] [7] [8] . While morbidities in this population of patients have not been well defined, ICU LOS is an indicator of morbidity. Application of the VVR score in this subpopulation 
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of patients to predict CCU LOS will further validate the use of the VVR score as a predictive stratification tool. We focused our study on this patient population and postulated that the VVR score would be predictive of cardiac care unit (CCU) LOS and result in risk stratification of this subpopulation of patients and allow us to determine which patients are at higher risk for morbidity and mortality.
Patients and Methods

Patient Population
The pediatric cardiac surgery database at St. Christopher's Hospital for Children in Philadelphia, Pennsylvania was queried to identify all cases undergoing re-entry sternotomy for CHD from August 1, 2009 to June 30, 2016. The Institutional Review Board within the Human Research Protection Program (HRPP) of the Office of Research at Drexel University approved the study as Exempt Category 4. Consent was waived by the Institutional Review Board. Cases that required extracorporeal membrane oxygenation (ECMO) within the first 48 hours of CCU admission were excluded from analysis as ventilator and inotrope support would be related to the use of mechanical support and not CHD severity. Cases that had incomplete data were also excluded from analysis.
Data Collection
Demographic, preoperative, perioperative, and postoperative variables were abstracted. Preoperative data collected included age, height and weight at the time of surgery, anatomic diagnosis, race, gender, genetic and chromosomal abnormalities, presence of non-cardiac abnormalities, need for preoperative ventilation, and preoperative serum creatinine. Perioperative data included operation performed, cardiopulmonary bypass time, aortic cross-clamp time, duration of deep hypothermic circulatory arrest, and Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery Congenital Heart Surgery (STAT) mortality category [9] . Need for ECMO, nitric oxide, and/or delayed sternal closure were recorded. Data collected postoperatively included arterial blood gas and lactate measurements (performed simultaneously), inotrope and vasopressor support and ventilator settings including respiratory rate, fraction of inspired oxygen, peak inspiratory pressure, positive end-expiratory pressure, and mean airway pressure were recorded at the time of each arterial blood gas analysis (Table 1) . Post-operative cardiac patients at our facility are usually managed using a structured protocol for inotropes and synchronized intermittent mandatory ventilation/pressure-regulated volume control and extubated at the discretion of the team in the cardiac care unit when the patient is breathing spontaneously on minimal ventilator settings for age, is able to manage secretions, has adequate gas exchange and has appropriate acid-base balance. Serum creatinine levels were obtained at baseline, on admission to the CCU, and on postoperative days 1 and 2. Bleeding requiring surgical re-exploration, volume of packed red blood cells and other blood products, and arrhythmias in the initial 48 hours were also recorded. World Journal of Cardiovascular Surgery 
Derivation of the Vasoactive Ventilation Renal Score
Vasoactive inotrope score (VIS) was calculated on admission to the CCU and at 24 and 48 hours after admission to the CCU. Calculation of VIS was as follows: VIS = dopamine dose (mcg/kg/min) + dobutamine dose (mcg/kg/min) + 100 * epinephrine dose (mcg/kg/min) + 10 * milrinone dose (mcg/kg/min) + 10,000 * vasopressin dose (U/kg/min) + 100 * norepinephrine dose (mcg/kg/min). If the patient was not on inotropes at the time of the arterial blood gas measurement, VIS was zero.
Ventilation index (VI) was on admission to the CCU and at 24 and 48 hours after admission to the CCU. Calculation of VI was as follows [3] : Preoperative serum creatinine was subtracted from serum creatinine on post-operative day 1 and post-operative day 2. This was ΔCr. If the serum creatinine was equal to or less than baseline, the ΔCr was recorded as zero.
VVR was calculated as follows: VVR = VIS + VI + (ΔCr * 10). VVR scores were recorded on admission to the CCU and at 24 hours and 48 hours after admission to the CCU.
Statistical Analyses
Descriptive statistics were used to summarize patient demographics, diagnoses, operations performed, and outcomes. Continuous variables were described with median (interquartile range) while categorical variables were described with frequencies and percentages. Predictor variables were chosen based on assessment of their potential for identifying subgroups with different treatment effect and practical utility. We initially tried to determine if any relationship existed between the VVR score and CCU LOS. Univariate Cox proportional hazards models were examined. Hazard ratios and their 95% confidence intervals were estimated.
Backwards selection was employed to fit multivariable Cox proportional hazards models considering all prognostic factors until demonstrating significance at the 0.05 level. These statistical methods did not predict which variables predicted CCU LOS at the 0.05 level. An alternative statistical approach, recursive partitioning, allowed our cohorts to be split (initially into two subgroups) by identifying a variable and cut point that leads to the greatest separation between the two groups. Each subgroup was split again using the same approach and resulting in a tree-like classification of the cohort into smaller subgroups. The number of subgroups is selected by balancing the model complexity (number of subgroups/depth of the tree) against how well the model fits the data in hand. This statistical method for multivariable analysis creates a decision tree that works to classify the cases by splitting data into sub-populations based on several dichotomous independent variables. Each sub-population may then be split an indefinite number of times until the splitting process ends after a stopping criteria is reached. The tree represents the recursive partition. Each terminal node (leaf) of the tree represents a cell of the partition and has a simple model that applies in that cell only. Advantages of this statistical method include making predictions quickly; it is easy to understand what variables are important in making the prediction, if some data is missing; we may not be able to go all the way down the tree to a terminal node, but we can still make a prediction by averaging all the terminal modes in the sub-tree we do reach; the model gives a jagged response so it can work when the true regression surface is not smooth; and there are fast, reliable algorithms to learn these trees.
Using recursive partitioning, factors were identified that influenced CCU LOS. Initial recursive tree regression using ANOVA, cross validation and conditional predictive p-value (cp) = 0.01 was used to produce the trees. The tree with the lowest cp was then selected. Statistical analyses were accomplished using the rpart package. In our study, ventilator days < 20 days defined CCU LOS and, with sub-population splitting of ventilator days < 20 days, VVR at 48 hours < 23 further determined CCU LOS.
Results
Descriptive Analysis
Ninety-six patients underwent 133 re-entry sternotomy procedures for CHD during the study period. No neonates (defined as being less than or equal to 28 days old) underwent re-entry sternotomy (Figure 2 ). The majority of the procedures (cases) were first re-entries (95 cases), 32 cases were second re-entries, 5 third re-entries, and 1 patient had 4 re-entries. The latter patient had a hypoplastic right lung, anomalous origin of the right pulmonary artery from the ascending aorta, and an atretic proximal right pulmonary artery. The initial surgery was placement of a pericardial tube between the aorta and the distal right pulmonary artery. This occluded and the right internal mammary artery was anastomosed to the distal right pulmonary artery in the second procedure, the right internal mammary artery was connected to the main pulmonary artery in the third procedure, and Gore-tex patch augmentation of the right internal mammary artery and right pulmonary artery reconstruction was done in the fourth procedure. The patient presented with thrombosis of the proximal neo right pulmonary artery and a right innominate artery to distal right pulmonary artery conduit was placed during the fourth re-entry sternotomy. All patients were admitted to the cardiac care unit postoperatively.
Stat categories and procedures are shown in Table 2 . The most common Figure 2 . Neonates (≤28 days old), infants (>28 days old to ≤12 months old), children (>12 months old to ≤18 years old), and adults (>18 years old) with CHD undergoing re-entry sternotomy. procedures. The majority of the patients had a STAT mortality score of 1 (47%) or 2 (29%). There were no post-operative residual lesions. Table 3 is a summary of the demographic and clinical characteristics of the patients. Sixty percent were male with a median age of 2.1 years and weight of 10.5 kg. The majority of the patients (37%) were African-American (Table 3) . Twenty-seven per cent had chromosomal abnormalities. Cardiopulmonary bypass (CPB) was required during 118 of the procedures (median CPB time 97 minutes), aortic-cross clamping in 73 (median cross-clamp time 55.5 minutes), and deep hypothermic circulatory arrest (DHCA) in 8 (median DHCA time 8 minutes). Three patients had injury of a mediastinal structure during re-entry (right ventricular outflow tract in 1, pseudoaneurysm in 1, and conduit in 1). There was no hemodynamic compromise in any of these patients and none required ECMO. Arrhythmias were seen in 36 cases-junctional rhythm in 13, bradycardia in 8, non-sustained ventricular tachycardia in 6, complete heart block in 6, and supraventricular tachycardia in 3. None of the patients required long term pacing or AICD. Five cases required ECMO support within the first 48 hours and are excluded from analysis. An additional six cases had incomplete data and are also excluded from analysis. None of the cases in the study group had delayed sternal closure and 1 required take back for bleeding. There were no deaths within 30 days of the procedure. Two deaths (2/122 cases, 1.6 %) occurred within 90 days of the surgical procedure. One death occurred at 92 days after the procedure (1/122, 0.8%). Total number of deaths was 3/122 (2.5%).
In the first 48 hours after re-entry sternotomy, 97 of the 128 cases required PRBC (range of 3 cc/kg to 651 cc/kg, mean 107 cc/kg, median 91 cc/kg), 101 cases required FFP (range of 3 cc/kg to 150 cc/kg, mean 48.5 cc/kg, median 39 cc/kg), 85 cases required cryoprecipitate (range of 5 cc/kg to 29 cc/kg, mean 5 cc/kg, median 4 cc/kg), 106 cases required platelets (range of 2 cc/kg to 120 cc/kg, mean 26 cc/kg, median 23 cc/kg), and 6 cases required rFactorVIIa (range of 20 mcg/kg to 100 mcg/kg, mean 72 mcg/kg, median 90 mcg/kg). Twenty-three developed sepsis during the hospitalization. Median ventilator time was 16.5 hours (range 0 to 2203 hours, mean 162 hours)-42 required post-operative nitric oxide-and median CCU LOS, our primary outcome variable, was 9 days (range 3 to 366 days, mean 30 days). None of the 122 study cases received peritoneal dialysis or renal replacement therapy within 48 hours of re-entry sternotomy. Patients usually remained in the CCU until discharge and CCU LOS is, therefore, hospital LOS.
Median VVR scores, VIS, and lactate measurements with interquartile ranges are shown in Table 4 for all study time points. Median VVR and lactate measurements decreased in the initial 48-hour.
Statistical Analysis
Of the initial 25 features, 5 were removed for near zero variance and 3 categorical V. L. Mahan et al. features were removed for non-information. Covariance analysis did not demonstrate any significant correlation among the remaining features. VIS and lactate were not predictive of ICU LOS or duration of mechanical ventilation.
Initial recursive tree regression using ANOVA, 5 fold cross validation and conditional predictive p-value a complexity parameter (cp) = 0.01 produced 4 trees. To avoid over-fitting, the tree with the lowest cross validation error was 
Comment
Prolonged ICU LOS after surgery for CHD is associated with poor outcome.
Evidence-based literature is limited for estimating morbidity and mortality in these patients, but severity of injury scores may predict which patients are at second postoperative day predicted adverse outcome [13] . Also useful in pediatric patients with septic shock, Haque and colleagues showed that high inotropic score in pediatric patients with septic shock was associated with high mortality [14] and Williams et al. showed that myocardial dysfunction in fluid-and catecholamine-refractory pediatric septic shock correlated with VIS [15] . Another modification of the VIS (an extension of the VIS), the total inotrope exposure score, assesses cumulative vasoactive drug exposure and dose adjustments over time. In a single-center, retrospective study, the score predicted the poor postoperative outcomes in 167 cases. The authors suggested prospective validation across larger numbers of patients across institutions [16] .
The VIS and its modifications are single system scores. A multiorgan system severity of illness index score, the VVR score, is a stratification tool that is highly predictive of outcome, builds on the VIS, is simple, and straightforward to cal- 
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Prolonged mechanical ventilation after surgery for CHD is also a strong predictor of clinical outcomes. Early extubation is associated with low morbidity rates and short ICU LOS in patients undergoing surgery for CHD. Most can be extubated in the operating room and most neonates undergoing surgery for complex CHD can be extubated in the first 24 hours after surgery [17] [18] [19] . Younger age, lower weight, heart failure, higher VIS, pulmonary hypertension, delayed sternal closure, greater severity of illness at post-operative admission, BUN, nitric oxide treatment, tracheobronchomalacia, peritoneal dialysis, low cardiac output, health-care associated infections, and noninfectious pulmonary complications are associated with prolonged intubation in patients undergoing surgery for CHD [20] [21] [22] [23] . Premature extubation with the need for reintubation is associated with longer ICU LOS [24] . In our patients, duration of ventilation greater than 20 days was associated with the longest CCU LOS. Patients with the combination of duration of ventilation less than 20 days and 48-hour VVR score less than 23 had the shortest CCU LOS.
In this study, we had to use a nonparametric regression model (recursive partitioning) to identify those variables predictive of CCU LOS. This method is not widely used clinically. Parametric regression methods to analyze data are designed to quantify relationships between 2 sets of variables, linear regression for continuous data, logistic regression for binary data, proportional hazard regression for censored survival data, and mixed-effect regression for longitudinal data. These methods may not lead to reproducible data descriptions when underlying assumptions are not satisfied. Recursive partitioning analysis has proved a useful alternative to the parametric regression methods, is a very easy technique to use, and can be a powerful tool to predict response in different subgroups of patients. The different methods include classification and regression trees, multivariate adaptive regression splines, forest, and survival trees [25] [26] . In our study, parametric regression methods did not identify variables predictive of CCU LOS. Statistical analysis based on recursive partitioning provided the tool of simultaneous consideration of a large number of potential predictors and identification of combinations of patient characteristics associated with good outcome. Restrictive assumptions were removed or relaxed. Duration of ventilation less than 20 days and 48-hour VVR resulted in trees identifying 3 different groups with CCU LOS relating to these variables.
Limitations
First, the analysis is based on a small sample size at a single center. Second, the study is a retrospective study. Third, not all data was available for all cases and these cases were excluded from analysis resulting in a lesser number of cases analyzed.
Conclusion
In conclusion, low morbidity and mortality resulted with re-entry sterntomy for CHD. Recursive partitioning analysis identified duration of ventilation greater World Journal of Cardiovascular Surgery than 20 days and 48-hour VVR greater than 23 as being predictive of CCU LOS for patients undergoing re-entry sternotomy for CHD. Further studies are needed to evaluate the role of not only VVR, but also of recursive partitioning analysis, in identifying those variables most related to CCU LOS and other morbidities and mortality in patients undergoing surgery for CHD. This single-institutional study will serve as a basis for a larger multi-institutional study which will further solidify the concept of muti-organ system severity score.
